In situ transmission electron microscopy tensile experiments were carried out to investigate lattice dislocation and twin boundary ͑TB͒ interaction in Cu with nanoscale growth twins. Results show that extended dislocations form inside thick twin lamellas and slip toward TBs. The extended dislocations shrink, combine, and redissociate when they pass through TBs, leaving behind detwinning partial dislocations at the TBs. The mechanism of the observed dislocation/TB interactions and the effect of the mechanism on mechanical properties are discussed. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3072801͔
The mechanical properties of nanostructured materials depend to a large extent on the interaction 1-3 of lattice dislocations with grain boundaries ͑GBs͒ and twin boundaries ͑TBs͒. Recent experimental results [4] [5] [6] [7] [8] show that the introduction of nanoscale growth twins to nanostructured materials leads to a combination of ultrahigh strength and high ductility, which are primarily attributed to the roles of TBs serving as strong barriers to dislocation movement and as dislocation emission sources. The interaction between lattice dislocations and TBs has been extensively investigated by many scientists using transmission electron microscopy ͑TEM͒, 9-13 model anaylsis, 14 and molecular dynamics ͑MD͒ simulations. [15] [16] [17] [18] [19] [20] [21] [22] However, the evidence for the dislocation-TB interaction in face-centered-cubic ͑fcc͒ metals was only given by the observations of diffraction contrast images and some trace analysis after deformation, [10] [11] [12] [13] and the atomic-level dislocation motion and interaction have not been observed directly, raising a concern for comprehensive study on the TB mechanical properties and its role during plastic deformation. Although some atomic-level dislocation mechanism has been revealed by MD simulations based on high stress and short time conditions, the validity of the results has to be confirmed by true rate-limiting experiments.
In this letter, we report atomic-scale observation of lattice dislocations passing through TBs in response to in situ TEM tensile experiments in Cu with nanoscale growth twins and discuss the lattice dislocations interaction with TBs. The interaction is expected to improve the mechanical properties of materials, especially ductility.
The Cu with nanoscale growth twins 8, 23 used in this research is of strong ͗111͘ texture, which facilitates the investigation of TB effect on deformation. Detailed in situ TEM straining procedures and sample preparation have been reported elsewhere. 23, 24 In situ TEM tensile experiments were performed using a Gatan model 654 single-tilt straining holder and carried out in a FEI Tecnai F30 TEM operating at 300 kV. In situ TEM bright field images and in situ highresolution TEM ͑HRTEM͒ images were taken during the pause periods of tensile straining. Burgers circuit around the extended dislocation starting at S and ending at F was drawn, showing a closure failure from S to F. Defining the electron beam direction as the ͓110͔, i.e., AB of the inset double Thompson tetrahedron in Fig. 1͑c͒ , the vector SF is equal to 1/4͓112͔, which is the projection of 1/2͓101͔ ͑DA͒ onto the ͑110͒ plane. Therefore, the 1/2͓101͔ extended dislocation is a 60°mixed dislocation. The Burgers circuits around two Shockley partials, starting and ending at the stacking fault, were also drawn in Fig. 1͑d͒ . The nature of the two partials was determined to be a 30°Shockley partial ͑␥A͒ and a 90°Shockley partial ͑D␥͒, respectively, by their projected vectors on the ͑110͒ plane, which are 1/12͓112͔ and 1/6͓112͔, respectively. The two partials are separated by an intrinsic stacking fault, which extends over approximately 3.6 nm. The extended dislocation can be represented by the following reaction:
where the subscript M refers to the matrix. D␥ is the trailing partial and ␥A is the leading partial. A comparison of the extended widths among TEM images indicates that the dissociation width of the stacking fault decreased with increasing strain, which is attributed to increasing shear stress when approaching the TB. To our knowledge, the strain-induced reduction in dissociation widths of stacking faults was not previously observed in fcc metals. Figure 2 shows deformation microstructural development before straining ͓Fig. 2͑a͔͒ and during straining ͓Fig. 2͑b͔͒. The lamellas are high density of growth twins as proved by the inset selected area electron diffraction pattern in Fig. 2͑a͒ . The loading direction , indicated by arrows in Fig. 2͑a͒ , is parallel to TBs, which leads to a high Schmid factor for the two mirror symmetry ͕111͖ planes on each side of TBs, and therefore is beneficial for the investigation of the interaction between lattice dislocations and TBs. With increasing strain, some extended lattice dislocations were generated within thick lamellas and then slipped toward TBs, as shown in Fig. 2͑b͒ . From HRTEM analysis ͑not shown here͒, the dislocation marked with "1" in Fig. 2͑b͒ is of the same type ͑i.e., 60°extended dislocation͒ as that in Fig. 1 . It would slip toward a TB and interact with the TB under the action of tensile stress. Dislocation 2 is a dislocation configuration before it reaches a TB. Dislocation 3 is a dislocation configuration when it passes through a TB. Dislocation 4 is a dislocation configuration after it passed through a TB.
Figures 3͑a͒-3͑c͒ show in situ HRTEM images of dislocations 2, 3, and 4, respectively. Burgers circles are drawn in Figs. 3͑a͒ and 3͑c͒. Figure 3͑a͒ shows that the 30°leading partial ͑␥A͒ of dislocation 2 was approaching a TB. There is a narrow stacking fault ͑ϳ2 nm thick͒ between the 30°lead-ing partial and the 90°trailing partial. This is consistent with the fact revealed above that the dissociation widths of stacking faults decrease when the extended dislocations approach TBs. Figure 3͑b͒ shows that an extended dislocation combined into a perfect dislocation when it was passing through a TB. This is caused by the trailing partial moving toward the TB while the leading partial was blocked at the TB. The dislocation reaction at the TB can be expressed as
where the subscript B refers to the TB. This is a process of dislocation absorption into TBs that has been observed in MD simulations. [17] [18] [19] [20] [21] In order to release strain energy, the absorbed lattice dislocation would dissociate into either perfect GB dislocations, displacement shift complete dislocations, or partial GB dislocations. 25 These dissociations can minimize the energy of the long-range stress field of absorption dislocations and cause a rearrangement of the prior GB dislocation network. 26 In our case, the absorbed lattice dislocation DA would dissociate into a GB partial ␦C, which is detwinning dislocation with an atomic layer step on the TB, and two partials, which exchange the leading and the trailing order owing to the mirror symmetry of TBs, as shown in Fig.  3͑c͒ . The reaction is as follows:
The deformation microstructural development ͑a͒ before straining and ͑b͒ during straining. The inset in ͑a͒ is a selected area electron diffraction pattern and indicates the loading direction. Dislocations marked with 1, 2, 3, and 4 in ͑b͒ represent the dislocation configurations for producing within a thick lamella, just reaching a TB, passing through a TB, and already passed through a TB, respectively. The indirect transmission process with residual GB dislocations has been well demonstrated by TEM experiments, 3, 10, 12, 13 model analysis, 14 and recent MD simulations. 16, 17, 20, 21 The investigation on twinned Cu by Jin et al. 21 presented the same result as what we observed here. Similarly, it has been revealed by MD simulations 20, 22 that when a perfect dislocation passes through a high angle GB or TB, a GB step is produced and a new extended dislocation is generated and slips away from the other side of the GB with increasing tensile stress. The entire process of a dislocation passing through a TB is schematically illustrated in Fig. 3͑d͒ . At step 1, a perfect dislocation in the form of two Shockley partials with an extended stacking fault is produced in a thick lamella and slips toward a TB. At step 2, the dislocation approaches the TB, and the trailing Shockley partial catches the leading partial, and finally the two partials recombine into a perfect dislocation at the TB. At step 3, the perfect dislocation redissociates into two partials and leaves behind a detwinning partial dislocation ͑␦C͒ at the TB. The leading dislocation at step 3 is the 90°Shockley partial.
The experimental result on the dislocation/TB interaction provides insight into the mechanism of twinning effect on the mechanical properties. TBs effectively hinder the motion of dislocations and therefore increase the strength of materials via indirect dislocation transmission processes at TBs, as discussed above, because extra energy is needed for the processes. On the other hand, the existence of the TBs also effectively increases the dislocation storage capability of the materials that increases the ductility of the materials.
In summary, we have presented direct and real time evidence that an extended perfect dislocation shrinks, combines, and redissociates when it passes through a TB in Cu, leaving behind a detwinning partial dislocation at the TB. We found that the leading partial and the trailing partial exchanged their order after passing though the TB and that the dissociation width of an extended dislocation decreases when the dislocation approaches the TB.
